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The structure of aquareovirus shows how the different
geometries of the two layers of the capsid are reconciled 
to provide symmetrical interactions and stabilization
Andrea L Shaw1,2, Siba K Samal3, K Subramanian3 and 
BV Venkataram Prasad1,2*
Background: Aquareoviruses are important pathogens of aquatic animals and
have severe consequences in aquaculture. These viruses belong to the family
Reoviridae. A structural feature common to members of the Reoviridae is a
multilayered capsid, formed by several concentric icosahedral shells with
different protein compositions. How these proteins, which often are present in
unequal stoichiometries, interact between icosahedral layers to stabilize the
capsid is not well understood.
Results: We have determined the three-dimensional structure of aquareovirus
to 23 Å resolution using electron cryomicroscopy and computer image analysis.
The protein capsid is composed of two structurally distinct icosahedral layers: an
outer layer ~100 Å thick, with incomplete T=13 left-handed symmetry, surrounds
an inner layer 600 Å in diameter that has T=1 symmetry and is perforated by
channels near the fivefold axes. There are 120 subunits, arranged in dimers, in
the inner layer, each of which interacts with two of the 600 subunits in the outer
layer. A separate set of closely interacting proteins forms the fivefold axes of the
virus structure, forming continuous density throughout both layers of the capsid.
Comparison of full and empty (lacking RNA) virus structures reveals an RNA
shell that lies directly beneath the inner layer. 
Conclusions: Our aquareovirus structure displays marked similarity to the
mammalian reovirus intermediate subviral particles, suggesting a close
evolutionary relationship. However, the noticeable distinction is that aquareovirus
lacks the hemagglutinin spike observed in reovirus. The T=1 inner layer
organization observed in the aquareovirus appears to be common to other
members of the Reoviridae. Such organization may be of fundamental
significance in the endogenous transcription of the genome in these viruses.
Introduction
Aquareoviruses are important pathogens of aquatic
animals [1]. These viruses have been isolated from a wide
variety of bony fish and crustaceans. Although many iso-
lates have been collected from apparently healthy fish,
aquareoviruses also have been recovered from fish with
symptoms of hemorrhagic disease, hepatitis, and pancre-
atitis. Aquareovirus infections profoundly affect the fish
farming industry, where inconsistent water conditions can
render aquatic animals more susceptible to disease.
The results of preliminary molecular and biochemical
studies have placed the aquareoviruses amongst the
Reoviridae [1–5]. The Reoviridae is a family of viruses
characterized by a segmented, double-stranded RNA
genome that varies in number from 10–12 segments [6].
To date, this family consists of 9 genera, including Aquare-
ovirus, and includes pathogens of animals and plants [6,7].
Viruses belonging to the genera Reovirus, Rotavirus and
Orbivirus, have received much attention as they produce
disease in animals, including humans [6]. The three-
dimensional (3D) structures of these members of the
Reoviridae have been determined by electron cryomicro-
scopy and computer image processing [8–13], and have
provided invaluable information regarding the organiza-
tion of the viral structural proteins and the assembly of
progeny virions.
The physiochemical properties of several strains of
aquareovirus have been studied [1–5], and their charac-
teristics are similar to those of other Reoviridae. The
diameter of aquareovirus in negative stain is ~750 Å and
the particle exhibits a multilayered protein capsid mor-
phology. The virion has a molecular weight of ~1.2x108
daltons and a buoyant density in cesium chloride of
1.34–1.37 g cm–3. Aquareovirus is stable at pH 3 and
ether resistant, suggesting the absence of a lipid enve-
lope. Like rotavirus, aquareovirus has 11 segments of
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double-stranded RNA, in contrast to members of the
genera Reovirus and Orbivirus which have 10 segments. 
The coding assignments of the RNA segments in the
aquareovirus genome have been determined by in vitro
translation [14]. Each segment is monocistronic with the
exception of segment 11, which encodes two non-structural
proteins. Comparison of radiolabeled proteins from infected
cell lysates with radiolabeled proteins from purified virions
has distinguished the structural and the non-structural pro-
teins [14]. Of the twelve aquareovirus proteins, seven are
structural and five are non-structural. The seven structural
proteins of aquareovirus (and their apparent molecular
weights) are VP1 (~130 kDa), VP2 (~127 kDa), VP3 (~126
kDa), VP4 (~73 kDa), VP5 (~71 kDa), VP6 (~46 kDa), and
VP7 (~35 kDa). VP7 is glycosylated with short oligosaccha-
ride chains containing N-linked sugars [14]. Results from
enzymatic and chemical treatment of purified virions
suggest that VP7 and either VP4 or VP5 appear to be
exposed on the surface of the aquareovirus capsid [5].
However, the stoichiometry of the aquareovirus structural
proteins and their locations within the virus structure are
presently unknown.
Here, we present the first 3D structure of aquareovirus,
determined by electron cryomicroscopy and computer
image analysis to a resolution of ~23 Å. We show that
aquareovirus is structurally related to members of the
Reoviridae, particularly those in the genus Reovirus, but
exhibits several unique properties that places it in a distinct
genus in the Reoviridae. From our results, we can visualize
the interactions between the protein subunits of the inner
and outer shells that are organized on different icosahedral
lattices. The organization of the aquareovirus inner layer is
common to other members of the Reoviridae, and may
reflect a structural requirement for the endogenous trans-
criptase activity found in viruses with double-stranded
RNA genomes.
Results and discussion
Electron cryomicroscopy 
Corresponding areas from a focal pair of electron cryomi-
crographs of striped bass aquareovirus (SBR strain) are
shown in Figure 1a,b. The prevalent form is the mature
virion, which is ~800 Å in diameter. The morphology of
the virion reveals the double-layered nature of the protein
capsid; a ruffled outer periphery ~100 Å thick surrounds an
inner core. The boundary between outer layer and inner
core is demarcated by a prominent white ring, ~600 Å in
diameter. Periodic densities that interconnect outer and
inner protein layers appear within this boundary (Fig. 1,
arrowheads). The aquareovirus morphology is strikingly
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Figure 1
Images of cryopreserved aquareovirus (SBR strain). Equivalent areas
were imaged at applied underfocus values of (a) ~0.8 µm and
(b) ~1.8 µm. Arrowheads distinguish the boundary (white ring)
between outer and inner capsid layers. Arrows indicate mature
particles devoid of genomic RNA. Degenerate particles (see text) are
shown, representing (c) a partially-uncoated virion, (d) a core particle
bearing knobs, (e) an empty core particle, and (f) a smooth core
without knobs. Arrows in (d) and (e) indicate knobby features, and
arrowheads in (d)–(f) indicate looped-out density at the core surface.
The scale bar represents 1000 Å.
similar to that of the reovirus intermediate subviral particle
(ISVP) [9] with respect to diameter, the double-layered
appearance, and the division of layers by an electron-
translucent ring. Present in lower numbers than the
mature virions are empty capsids, which are morphologi-
cally similar to the mature virus (Fig. 1, arrows). The
empty particles are much less electron dense within the
core because they lack nucleic acid. 
In addition to full and empty capsids, we also observe
several types of degenerate particle that are shown in
Figure 1c–f. These particles may represent assembly inter-
mediates or degradation products of aquareovirus. In
Figure 1c, the mature particle appears to be uncoating, with
the outer layer being removed. Uncoating may generate
the core particle that is shown in Figure 1d. An empty core
particle is shown in Figure 1e. The diameter of these core
particles, ~600 Å, agrees with that measured for the bound-
ary between outer and inner layers of the mature particle.
In Figure 1d–e, small projections are seen at the periphery
of the particles (small arrows), which may represent the
periodic density observed within the boundary of inner and
outer layers in the mature capsid. In Figure 1f, the core par-
ticle is smooth on the periphery and appears to be missing
this protein. 
In all of the core particles, we observe a large density that
appears to loop out from the surface of the core. This loop,
indicated by arrowheads in Figure 1d–f, extends ~100 Å
outward and has a width of ~100 Å. It appears less regu-
larly than the small projections mentioned above, with an
observed frequency of 2–4 per core particle. The low fre-
quency of this loop could be explained if it was located at
the icosahedral fivefold axes, whereas it would be
expected to appear more frequently if it were present at
the icosahedral twofold or threefold axes. This feature
may be analogous to the turret-like structure located at the
pentameric vertices in the Reovirus core structure [9]. 
Image analysis and 3D reconstruction 
The 3D reconstruction of aquareovirus was determined
from particle images extracted from the cryomicrograph
represented by Figure 1a. The final structure was com-
puted from 110 unique views from a single micrograph.
The distribution of orientations for the 110 views is
plotted in Figure 2. The orientations from our data set are
well distributed, but there is an obvious preference for
fivefold orientation. Despite the predominance of views
with preferred orientation, our data set is sufficient for a
23 Å resolution reconstruction, as indicated by the eigen-
value spread [15]. We found that 96% of the inverse
eigenvalues were 0.1, indicating adequate sampling to the
desired resolution. The extent to which the data obeyed
icosahedral symmetry was evaluated by computing the
mean phase difference (phase residual) along cross-
common lines between Fourier transforms of particles, for
all pairwise particle comparisons. The overall phase resid-
ual for our data was 55° out to a resolution of 23 Å, and
approached 90° around 23 Å resolution. A phase residual
of 90°, a value for randomized phases, indicates lack of
icosahedral symmetry and has been used to determine the
nominal resolution of the icosahedral reconstruction [16].
The effective resolution was estimated to be 23.5 Å by
computing the phase residuals and Fourier cross-correla-
tion coefficient between two independent reconstructions
determined from two individual micrographs of similar
quality and defocus (see Materials and methods section).
The phase residual between the two reconstructions
reached 45° at a resolution of 23.5 Å. At this resolution, the
Fourier correlation coefficient was ~0.60. A similar esti-
mate of the resolution was obtained by comparing two
reconstructions that were computed from randomly divid-
ing our data into two sets. 
Surface features of the aquareovirus structure
Surface representations of the 3D structure of the mature
virion along the icosahedral fivefold axis and the threefold
axis are shown in Figure 3a,b respectively. The density
map has been depth-cued to emphasize radial positions of
the structural features. The overall shape of the virion is
spherical, with a diameter of ~800 Å. The protein subunits
at the icosahedral fivefold axes extend only to a radius of
375 Å, which is noticeably lower than that of the surround-
ing outer layer and gives rise to a large depression at these
locations. A better appreciation of the depression at the
fivefold axes can be acquired from Figure 3b. 
The surface representations of our aquareovirus structure
in Figure 3a,b display trimeric subunits that are arranged on
an T=13 icosahedral lattice. A T=13 icosahedral lattice is
skewed, and we have determined that aquareovirus is orga-
nized on a left-handed lattice (see ‘Hand determination’
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Figure 2
Sampling of the icosahedral asymmetric unit. Particle orientations used
in the final reconstruction are plotted as a function of θ and φ. The
icosahedral fivefold axes occur near θ=90°, φ=±32°, the threefold axis
at θ=69°, φ=0°, and the twofold axis at θ=90°, φ=0°.
section of Materials and methods). The T=13 icosahedral
organization in the aquareovirus structure is incomplete
with trimers removed from the peripentonal positions at
each of the twelve fivefold axes, so that 200 instead of the
expected 260 trimers are present. The 200 trimers define
large channels at the 6-coordinated positions of the T=13
lattice. These channels expose some of the structural
features beneath the surface of the virion that suggest a
multilayered architecture. To assess the composition of
the entire virus structure, we have analyzed the density
distribution in our 3D reconstruction as a function of
radius.
Organization of a multilayered capsid
Radial density analysis provides a means for dissecting the
internal organization of the aquareovirus structure. Radial
density plots computed from the structures of mature
virions and empty particles (structure not shown) are
displayed in Figure 4. Superimposition of the two plots
reveals the boundary between protein and the RNA
genome, which occurs at a radius of ~230 Å. Above this
radius, both plots show two distinct peaks that correspond
to protein density. The inner peak corresponds to the
inner layer of the capsid, which begins at a radius of
~235 Å and extends to ~285 Å. The outer peak, which cor-
responds to the outer capsid layer, extends from
285–400 Å. The outer peak may be further divided into
two layers; one layer spans the radii between 285 Å and
360 Å, and the other from 360–400 Å. These may be con-
sidered as the intermediate and outer layers of the protein
capsid, respectively. Radial decomposition of the aquareo-
virus structure, based on the peaks observed in the radial
density plot, is displayed in Figure 5a–d. It is clear from
Figure 5a,b that the T=13 organization is maintained by
both the intermediate and the outer layers.
T=13 intermediate and outer capsid layers
The organization of an incomplete T=13 lattice as seen 
in our aquareovirus structure is illustrated in Figure 5a. 
In a T=13 structure, the asymmetric unit would normally
contain 13 quasi-equivalent monomers. In the case of
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Figure 4
Radial density plots of full and empty (lacking RNA) aquareovirus.
Density from the reconstructions of full (solid line) and empty (dashed
line) particles has been plotted as a function of radius. The plots have
been scaled for density differences (see text). The radial boundary of
genomic RNA, at ~235 Å, is indicated by the double-headed arrow.
Figure 3
Surface representations of the mature aquareovirus viewed at (a) the
icosahedral fivefold axis, and (b) the icosahedral threefold axis. The
density maps have been colored as a function of radius. A color bar
with radial scale is provided. The scale bar represents 200 Å.
aquareovirus, the number of quasiequivalent monomers is
reduced to 10. The trimers formed by these monomers are
distinguishable in four different structural environments.
Four quasiequivalent trimers in one of the 60 asymmetric
units of the icosahedron are color-coded in Figure 5a for dis-
tinction. In Figure 5b, densities representing the outer layer
have been removed to show the corresponding T=13 orga-
nization of the intermediate layer. Structural features
arising from the organization of the intermediate layer
suggest it also consists of 200 trimeric subunits. These
trimers appear morphologically different from those in the
outer layer. The protein subunits in the intermediate layer
appear to be skewed counterclockwise with respect to the
trimers in the outer layer. Furthermore, a separation of the
protein monomers in each trimer of the intermediate layer
is evident from the appearance of a depression at the center
of the trimer. In contrast, the monomers in the outer layer
are tightly clustered. But the protein monomers in the
intermediate and outer layers appear to be contiguous and
may, therefore, represent two different domains of the same
protein. Alternatively, the intermediate and outer layers
may be composed of two distinct proteins that, because of
equal stoichiometries, interact extensively between layers.
Several pieces of biochemical evidence suggest that VP7 is
located in the outermost layer of aquareovirus. The most
abundant polypeptides observed in Coomassie-stained
polyacrylamide gels of several different strains of aquare-
ovirus, including SBR, have apparent molecular weights of
~70 kDa and ~35 kDa [4,5], which correspond to either VP4
or VP5, and VP7. VP7 is a glycoprotein [14], which makes it
a reasonable candidate for the outermost portion of the
virus capsid as glycoproteins tend to be located on the
surface of viruses where they may facilitate cell binding. In
addition, VP7 is susceptible to enzymatic and chemical
treatments in the mature virion whereas other aquareovirus
structural proteins, except VP5, appear to be unaffected [5].
VP4 and VP5 are difficult to resolve by SDS-PAGE
because of their similar molecular weights. Although two
bands can be discerned by SDS-PAGE analysis of
[35S]methionine-labeled protein [5,14], VP4 and VP5
commonly appear as one band in Coomassie-stained poly-
acrylamide gels [4,5]. However, Winton et al. [4] appeared
to have resolved VP4 and VP5 in golden shiner aquare-
ovirus (although the protein assignments were not speci-
fied), and VP5 clearly was more abundant than VP4 using
Coomassie detection. The results of mass calculations
(see Materials and methods) using our three-dimensional
reconstruction suggest that proteins with molecular
weights similar to VP7 and either VP4 or VP5 are present
in the T=13 layers. As VP5 may be more abundant than
VP4, we suggest that VP5 is a major structural protein
while VP4 is present in minor quantities.
We cannot distinguish between the possibilities that both
intermediate and outer layers are composed of VP5, with
VP7 being present at the pentameric positions, or that the
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Figure 5
Surface-shaded representations of protein
and RNA layers in the aquareovirus structure.
(a) Surface representation of the threefold-
oriented density map superimposed with an
icosahedral lattice corresponding to
incomplete T=13 triangulation (in white).
Examples of the four quasiequivalent trimers
of the outer protein layer are color-coded in
purple, red, green and yellow. Densities
corresponding to the three peaks in Figure 4,
at radii of (b) 360 Å, (c) 285 Å and (d) 235 Å,
have been removed. The density maps have
been colored as a function of radius. A color
bar with radial scale is provided. The scale bar
represents 200 Å.
outer layer is composed of VP7, the intermediate layer of
VP5, and the pentameric assembly of one or more other
structural proteins. We have assumed that the apparent
molecular weights of the SBR structural proteins deter-
mined by SDS-PAGE analysis reflect their true molecular
masses, as none of the amino-acid sequences have been
determined. Further biochemical characterization of the
aquareovirus structural proteins, combined with the results
of structural studies on aquareovirus labeled with protein-
specific antibodies, should confirm the locations of the
aquareovirus structural proteins in the assembled virion.
T=1 inner capsid layer
Directly beneath the outer layers of protein lies the inner
layer, which extends from ~230–285 Å. Surface features of
the inner layer are seen in Figure 5c, in which protein
densities beyond 285 Å have been removed from the 3D
map. The inner layer consists a continuous layer of protein
that bears 120 knobby features. The radial position of
these knobs corresponds to that of the interconnecting
densities between inner and outer protein layers, seen in
the electron cryomicrographs of aquareovirus (arrowheads
in Fig. 1). Unlike the outer layers, which are arranged on a
T=13 icosahedral lattice, the inner layer is arranged on a
T=1 icosahedral lattice. Two knobs lie within the 
asymmetric unit, suggesting a dimer of protein. Three
knobs surround each of the icosahedral threefold axes,
whereas five knobs surround each of the icosahedral five-
fold axes. Each knob is oval in shape, with a length of
63 Å, a width of 74 Å, and a height of 32 Å. The peripen-
tonal knobs interact with the pentonal protein subunits in
addition to the subunits of the T=13 layer, whereas the
threefold-positioned knobs interact only with the subunits
of the T=13 layer. Although it is possible that the knobs
surrounding the threefold axes are chemically distinct
from those surrounding the fivefold axes, their similarities
in shape and proportion suggest they are the same protein
in two ‘quasiequivalent’ environments. Mass calculations
on isolated quasiequivalent knobs support the assumption
that they are chemically equivalent, the molecular weight
for each knob being ~10 kDa. However, no known aquare-
ovirus protein has such a small molecular weight. These
knobs, therefore, may represent subdomains of the over-
lying T=13 protein layer or the underlying protein layer.
As the overlying protein is organized with dissimilar
symmetry, the knobs are more likely to be subdomains of
the underlying layer. 
A continuous layer of protein underlies the knobby fea-
tures, between the radii of 230–265 Å. Channels at and
immediately surrounding the icosahedral fivefold axes
perforate this layer. These channels are poorly visible in
Figure 5c due to the overlying density from the knobby
features. However, radial dissection of the inner layer
confirms that these channels are exposed on the surface
and penetrate through to the RNA core. We speculate
that these channels provide an exit route for newly syn-
thesized mRNA during transcription of the viral genome. 
Assuming a T=1 dimer organization, our mass calculations
suggest that the inner layer, including the knobs, is com-
posed of 120 copies of an ~125 kDa protein. If the T=1
layer is composed of a single protein, then one of three
high molecular weight structural proteins qualify: VP1
(~135 kDa), VP2 (~127 kDa) or VP3 (~126 kDa). The
protein that constitutes the inner layer would be present
in 120 copies, which is the second largest quantity of a
protein species in the mature virion. Again, separation of
these three proteins by SDS-PAGE is difficult because of
their similar molecular weights [4,5,14]. Using larger 
concentrations of virus and longer running times, we see
in Coomassie-stained polyacrylamide gels of SBR aquare-
ovirus that VP3 appears to be present in larger quantities
than VP1 and VP2 (data not shown). From these studies
the most likely candidate for the inner T=1 layer is VP3.
An alternative possibility is that the inner layer is composed
of more than one protein. Considering our mass density cal-
culations the most reasonable combination would be VP4
(~73 kDa) and VP6 (~45 kDa), after assigning VP5 and VP7
to the outer T=13 layers. As we believe the knobs are
chemically equivalent and represent domains of underlying
protein, then one of the two proteins would be present in
120 copies. The other could be present in either 60 or 120
copies. In this case, the most likely assignment is VP3 to
the pentonal positions given its abundance shown by SDS-
PAGE analysis. In considering the protein composition of
the inner layer, it is interesting to note that the inner layers
of genus Rotavirus and bluetongue virus (genus Orbivirus),
occur at similar radial positions to the aquareovirus inner
layer, and each of these are composed of 120 copies of a
single large protein, of molecular weight ~102 kDa (VP2)
and ~103 kDa (VP3), respectively [17,18].
A T=1 symmetry with dimers, or 120 subunits, has been
observed with other double-stranded RNA viruses besides
aquareovirus. In the family Reoviridae, both rotavirus and
bluetongue virus appear to have inner layers composed of
120 subunits arranged on a T=1 icosahedral lattice [17,18].
Outside of the Reoviridae, the fungal viruses L-A of 
Saccharomyces cerevisiae and P4 of Ustilago maydis also
exhibit T=1 symmetry with dimers [19]. The protein
capsids of these fungal viruses are single-layered, in con-
trast to the multilayered capsid of aquareovirus and other
members of the Reoviridae. The absence of an outer layer
in the fungal virus capsid may reflect differences in cell-
to-cell spread, compared with the members of the Reoviri-
dae. L-A and P4 are generally spread, by cell mating and
heterokaryon formation [20]. Therefore, the function of
the fungal virus capsid is limited to protecting the genome
as these viruses do not need protection from an extracellu-
lar environment and do not have to penetrate the host cell.
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However, all of these double-stranded RNA viruses have
endogenous transcriptase activity and maintain the struc-
tural integrity of their cores during transcription. It is
tempting to speculate that a core with T=1 symmetry
composed of dimers is more than coincidental, and may
play an important role in the transcription of a double-
stranded RNA genome.
Protein interactions between T=13 and T=1 capsid layers
How do protein subunits arranged on a T=13 lattice inter-
act with protein subunits arranged on a T=1 lattice? The
interactions occurring at the interface of these structurally
dissimilar protein layers are not intuitive because of the
disparity in stoichiometry of the protein subunits. To visu-
alize these interactions, we have projected the density of
sequential thin layers from our aquareovirus reconstruc-
tion. These projections are shown in Figure 6. Beneath the
radius of 304 Å, intermolecular contacts between the T=13
protein layer and the T=1 protein layer are resolved.
Between 282–304 Å, the tips of the trimers from the T=13
layer are observed as dots of density that lie between trian-
gular shaped masses at the icosahedral threefold and five-
fold axes. Further dissection between these radii reveals
the intermolecular interaction between the bottom 
portions of the trimers and the tops of the knobs, seen
between the radii of 266 and 282 Å. Figure 7 displays a
schematic diagram of the quasiequivalent monomers in
the T=13 layers and their interactions with the knobs of
the T=1 layer. Each knob interacts with two monomers,
each from a separate trimer. Trimers near the icosahedral
threefold axes (colored in blue) make the most extensive
contact, with each monomer interacting with a different
knob. The trimers colored in red make two contacts with
two distinct knobs. Those trimers surrounding the icosahe-
dral fivefold and twofold axes, colored green and yellow,
make only one contact with the knobs. Our observations
suggest that the most stabilizing contacts between outer
and inner protein layers of the aquareovirus capsid occur at
the icosahedral threefold axis, and smaller contributions
are made by intermolecular contacts at the peripentonal
and twofold axes. 
Pentonal protein structure
The protein density at the fivefold axes appears to be com-
posed of an altogether different protein, or set of proteins,
from those discussed with regard to the T=13 and T=1
layers. As seen from the radial projections in Figure 6, the
density around the fivefold vertices appears to be
continuous throughout both T=13 and T=1 layers of the
protein capsid. The topmost portion of the pentonal assem-
bly, between the radii of 357 and 373 Å, consists of five
small globular subunits that appear similar in size and mor-
phology to the individual proteins in the outermost portion
of the aquareovirus capsid. However, the pentonal subunits
are positioned at a lower radii, with the tips falling below
the outer layer by ~25 Å. Below the radius of ~357 Å, the
density of the pentonal assembly splays outward. A
maximum diameter of ~80 Å occurs at a radius of ~346 Å,
and this diameter is maintained to the inner layer. Conse-
quently, the individual subunits of the pentonal assembly
make intramolecular contacts further out from the center.
Above a radius of 285 Å, the pentonal protein makes no
intermolecular contact with the surrounding protein. Below
this radius, intermolecular interaction with the peripentonal
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Figure 6
Radial projections through the structure of
aquareovirus. Sequential radial shells from the
threefold-oriented density map of
aquareovirus have been projected. Only half
of the density map has been used for clarity.
Protein and RNA density are dark. The radial
boundaries, measured in Å, are indicated
below each panel.
knobs of the T=1 inner capsid layer occurs with apparent
1:1 stoichiometry. From pixel-by-pixel radial dissection, we
observe a continuous density throughout the fivefold struc-
ture. The continuity of the pentonal assembly suggests that
it is composed of a single protein that is separate from those
proteins that make up the rest of the aquareovirus capsid.
However, mass calculations indicate that the entire assem-
bly is composed of a protein of ~220 kDa, which exceeds
the molecular weight of any single protein species in
aquareovirus. The pentonal assembly, therefore, is proba-
bly composed of more than one structural protein. These
proteins appear to interact extensively with one another, as
we cannot visualize a definite boundary at any radius
throughout the pentonal assembly.
The RNA layer
A continuous layer of density lies beneath the inner
protein layer that is displayed in Figure 5d. This layer is
represented by a small, sharp peak between the radii of
~200 and ~235 Å in the radial density plot from the full
aquareovirus structure. A comparison of the radial density
profiles of full and empty particle reconstructions shows
that the boundary between protein and genomic RNA
occurs at a radius of ~240 Å, suggesting that this layer 
corresponds to genomic RNA. It is interesting to note that
the results of low angle X-ray scattering studies on mam-
malian reovirus indicate that its RNA has an ordered struc-
ture within the radius of 245 Å [21]. As the RNA density in
our aquareovirus structure forms a continuous shell, it too,
may be ordered. If the RNA is ordered in an icosahedral
fashion, we would expect some interaction with protein to
enforce icosahedral symmetry on the RNA. Although very
close in proximity, we cannot detect any significant mass
density that links the inner surface of the T=1 protein layer
with the RNA layer. Higher resolution structural analysis
may be required to resolve the protein–RNA interactions.
However, given the close proximity of this shell to the
inner protein layer, its absence in empty particles, and its
radius coincident with that of reovirus RNA, we infer that
this density arises from ordered RNA.
Comparison of aquareovirus to other genera of the
Reoviridae
The results of previous structural studies on the Reoviri-
dae suggest that members of this family share a common
organizational theme in the assembly of their protein
capsid. Specifically, members of the different genera
exhibit a T=13 left-handed icosahedral outer capsid
enclosing a icosahedral core [8–13]. However, similarity in
structure between genera beyond this general level of
organization has not been observed. We observe a high
degree of structural similarity between aquareovirus and
the reovirus infectious subviral particle (ISVP), suggesting
that aquareovirus and reovirus may be closely related
through evolution. 
The organization of the outer protein layer of aquareovirus
strongly resembles that of the reovirus ISVP. In both
structures, 200 clusters of trimers are organized on an
incomplete T=13 left-handed icosahedral lattice. Trimers
are missing from the peripentonal positions, resulting in a
plateau at the fivefold vertices. In contrast, the major com-
ponent of the outer shell of rotavirus (VP7), and of the
inner shells of rotavirus (VP6) and bluetongue virus (VP7),
also exhibit trimeric clustering, but are organized onto a
complete T=13 icosahedral lattice [10–13]. It is interesting
to note that the VP7 trimers in baculovirus-expressed
core-like particles of bluetongue virus organize on an
incomplete T=13 icosahedral lattice, with trimers missing
at the peripentonal positions [22]. It is not known if the
peripentonal VP7 trimers disassembled during purification
or if they were never assembled. The resulting depression
in the bluetongue virus core-like particles exposes the
inner shell at the icosahedral fivefold axes, and is larger
and deeper compared with the aquareovirus and reovirus
structures. In the latter structures, as discussed in the
964 Structure 1996, Vol 4 No 8
Figure 7
Schematic diagram showing the subunit
interactions between the T=13 and a T=1
protein layers. (a) Trimers in the T=13 outer
protein layers; quasiequivalent monomers
have been numbered, and quasiequivalent
trimers have been color-coded according to
the color scheme in Figure 5a,b. (b) Trimers
have been superimposed upon subunits from
the T=1 inner protein layer (shown as blue
ovals).  Monomers in the T=13 layer that
contact subunits from the T=1 layer are color-
coded, whereas monomers that do not make
contact with the T=1 subunits are white. 
previous sections, there is an elaborate structure around
the icosahedral fivefold axes. Therefore, it is very unlikely
that the trimers around the icosahedral fivefold axes of
aquareovirus were removed during purification, thus
reducing the organization from complete to incomplete
T=13 symmetry. It is more likely that the unique struc-
tural organization at the fivefold axes in aquareovirus, as
well as in reovirus, prevents formation of complete T=13
icosahedral organization of the trimers. 
Similarities in the structural organization between aquare-
ovirus and reovirus ISVP extend further inside, although
there are several differences as well. In both of these virus
structures, the incomplete T=13 icosahedral organization
extends inward to the radius of ~300 Å [9,23]. A slight dif-
ference between the aquareovirus and ISVP structures is
the relative orientations of the individual subunits between
the radii of ~300 and ~400 Å. The hexameric subunits in
the aquareovirus structure are rotated by a small degree in
the clockwise direction, compared with the corresponding
subunits in the reovirus ISVP structure. Between the radii
of ~240 and ~300 Å, both structures possess essentially
T=1 symmetry but it is in this region that we see signifi-
cant differences between the two virus structures. As
described above, the aquareovirus exhibits a continuous
protein layer bearing 120 nodules. In contrast, the reovirus
ISVP structure bears 150 nodules [9]. The 30 additional
knobs are located at the icosahedral twofold axes. The
aquareovirus knobs are larger (~63 by ~74 Å around both
the threefold axes and the fivefold axes) than those found
in the reovirus structure (39 by 60 Å around the twofold
and threefold axes, and 31 by 67 Å around the fivefold
axes). The decrease in size of the reovirus nodules may be
necessary to accommodate a similar spherical volume with
an increased number of subunits. 
The existence of 150 nodules has confounded the deter-
mination of the icosahedral symmetry of the reovirus core.
It has been suggested that the core shell in the reovirus
ISVP is formed by two proteins, l1 and s2 [9]. Although
the precise locations of l1 and s2 are not known, the 
existence of 120 l1 molecules per virion [9] suggests that
the possible organization of the reovirus core is based on
T=1 symmetry, with 60 l1 dimers accounting for the 120
nodules and s2 contributing to the remaining 30 nodules
at the twofold axes. It is interesting to note that the
protein that we have tentatively assigned to the inner
layer of aquareovirus VP3, is similar in molecular weight
to l1 of reovirus.
The distinct turret-like structural feature found at the
icosahedral fivefold axes in aquareovirus is similar to that
found in reovirus [9] which has been ascribed to a single
protein, l2 [24,25]. Such a structure has not been observed
in rotavirus [10,11], or bluetongue virus [12,13]. The l2
pentamer spans radii of 305–370 Å in the reovirus virion
and ISVP, but undergoes significant conformational
change that extends the pentameric assembly to a radius of
400 Å in the core structure [9]. The structure we observe at
the pentonal positions in our aquareovirus structure also
may represent the organization of a single structural
protein We cannot accurately compare the reovirus core
structure with the density observed in our aquareovirus
structure, as conformational changes in l2 result from the
physical removal of the proteins s3 and m1c. However, by
comparing projections of our aquareovirus structure with
similar projections of the reovirus mature virion and ISVP
reconstructions [9], we find that the protein organization at
the fivefold vertices in our aquareovirus reconstruction 
displays several similarities to the l2 pentamer. Shown in
Figure 6, the protein forms a star-shaped assembly above
the radius of ~335 Å and is similar to the flower-shaped
structure seen in the reovirus virion and ISVP [9]. Below a
radius of 335 Å, the shape of the protein density in both
aquareovirus and reovirus becomes more pentagonal. 
A major distinction between the structures of aquareovirus
and the reovirus ISVP is the lack of a spike-like structure in
our aquareovirus reconstruction. In the reovirus virion and
ISVP, the l2 pentamer houses the receptor-recognition
protein, s1, which is also the viral hemagglutinin [9,26,27].
A spike structure composed of the hemagglutinin protein,
VP4, is also observed in rotavirus [28,29]. Homodimers of
VP4 form spikes that project ~120 Å outward from the VP7
surface at the peripentonal positions [11,30]. We do not
detect, at any radius throughout the aquareovirus structure,
additional density within or surrounding the pentonal
assembly that resembles a spike structure similar to the
hemagglutinin of reovirus or rotavirus. Furthermore, in the
micrographs of aquareovirus we do not observe density that
may represent a flexible protein structure, similar to the s1
protein in the reovirus ISVP [9,31]. Several possibilities
may explain the absence of a spike structure in the aquare-
ovirus reconstruction. First, it is possible that one or more
proteins were removed during purification. This is unlikely,
as the infectivity of purified SBR aquareovirus compares
with that of infected cell lysates (SS, unpublished data). A
decrease in infectivity may be expected if a structural
protein, particularly one that may be homologous to s1 or
VP4, was removed. Second, it is possible that our data rep-
resent an uninfectious fraction of the entire particle popula-
tion, as we do not know the ratio of infectious to
uninfectious particles. Therefore, it is possible that a small
fraction of particles contain a hemagglutinin protein, but
that the majority of the population contains particles
lacking the hemagglutinin so that the latter predominate
our data set. However, the results of biochemical characteri-
zation of several aquareovirus strains suggest that aquareo-
virus does not exhibit hemagglutinin activity [2,4].
Therefore, we suggest that aquareovirus may lack a homol-
ogous protein. Although the precise role of hemagglutina-
tion in reovirus or rotavirus infection is currently unknown,
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it appears to facilitate cell binding through recognition of
sialic acid residues (reviewed in [29,32]). The absence of a
hemagglutinin in aquareovirus suggests that the modes of
host cell receptor recognition may be different from those
of rotavirus and reovirus.
Biological implications
Aquareoviruses belong to the Reoviridae, a family of
viruses that contains several human and animal
pathogens. Aquareoviruses cause severe disease in
aquatic animals, and profoundly affect aquaculture. The
three-dimensional structures of members from Reoviri-
dae, genera Reovirus, Rotavirus, and Orbivirus, have
been determined. Structural comparison can distinguish
features specific to the different genera, and reveal fea-
tures that are common to all members of the Reoviridae,
that may reflect shared mechanisms involved in viral
infection.
Aquareovirus is composed of two icosahedrally distinct
shells enclosing an ordered RNA layer. Such organiza-
tion has the potential to compartmentalize two funda-
mental processes; virus entry into cells, and endogenous
transcription of the genome: the outer T=13 layer may
facilitate cell entry and the inner T=1 layer may provide
a proper environment for endogenous transcription.
Channels around the fivefold axes of the inner layer may
permit entry of metabolites and exit of newly transcribed
mRNA. Our structural analysis provides visualization of
how a T=1 icosahedral layer, composed of 120 subunits,
stabilizes a T=13 icosahedral layer, composed of 600 sub-
units. Each ellipsoid subunit in the T=1 layer interacts
with two monomers from separate trimers in the outer
layer. The capsid structure is further stabilized by
intratrimeric interactions in the outer layer.
Aquareovirus exhibits the general structural characteris-
tics found in other Reoviridae, with an outer T=13 icosa-
hedral protein layer enclosing an inner protein layer
housing the genome. In finer details, it bears strong
resemblance to mammalian reovirus. Structural similari-
ties indicate the possibility of a close evolutionary relation-
ship between aquareovirus and reovirus. The icosahedral
symmetry of the inner layer and the nature of its inter-
action with the outer layer has been more difficult to visu-
alize in the structures of other members of the Reoviridae
such as reovirus, rotavirus, and bluetongue virus. In
these viruses, a T=1 symmetry composed of dimers has
been inferred from the stoichiometry of proteins known to
comprise the inner layer. The organization of the inner
layer of aquareovirus can be discerned as T=1 symmetry
composed of 60 dimers, supporting previous speculation
regarding the icosahedral nature of the inner layer in
these other Reoviridae. A T=1 symmetry composed of
dimers is also observed in double-stranded RNA viruses
outside of the Reoviridae. It is tempting to speculate that
this unique T=1 organization may be fundamentally
significant in the endogenous transcription of the genome
in these viruses. 
Materials and methods
Virus propagation and purification
The Striped Bass aquareovirus (SBR strain) was propagated and puri-
fied as described previously [14], with slight modification. Briefly, SBR
aquareovirus was propagated at 160°C in cultured Chinook salmon
embryo cells (CHSE) maintained in Eagle’s minimum essential medium
supplemented with 2% fetal bovine serum. When 100% of the cells
exhibited cytopathic effect, infected CHSE cells were harvested and
subjected to low speed centrifugation to clarify the supernatant. Virus
in the supernatant was pelleted for 2h at 45 000 rpm through a 30%
sucrose cushion. The virus pellet was suspended in 1 ×SSC (0.15 M
NaCl, 0.015 M sodium citrate) and layered onto a 15–50% sucrose
gradient to band the virus. The virus band was recovered and concen-
trated by centrifugation for 2h at 40 000 rpm. The purified virus pellet
was resuspended in 1 × SSC. A second pelleting was necessary to
concentrate the virus for electron cryomicroscopy. The virus suspen-
sion was centrifuged for 1h at 38 000 rpm, resuspended in TNC buffer
(10 mM Tris (pH 7.4), 140 mM NaCl, 10 mM CaCl2), and stored at 4°C.
Electron cryomicroscopy
The preparation of cryopreserved specimen was carried out using the
technique of Dubochet et al. [33]. A small amount of sample (~4 ml)
was applied to one side of a copper mesh grid, which had been
covered with a layer of plastic holey film and subsequently coated with
a thin layer of evaporated carbon to make the grid hydrophilic. Excess
fluid was blotted away from the grid with filter paper and the grid was
immediately plunged into a bath of liquid ethane (–179°C), maintained
by surrounding liquid nitrogen. The frozen-hydrated specimen grid was
transferred under liquid nitrogen to a GATAN cryostation and placed
into a GATAN cryoholder for imaging. The specimen was imaged in a
JEOL 1200 transmission electron microscope at a magnification of
30 000X using low dose procedures (~5 e–A–2 on the specimen).
Images were recorded in focal pairs, at applied values of ~0.8 and
~1.8 mm underfocus. In the tilted pair, the virus was first imaged at 0°
tilt and then the specimen grid was tilted 10°. Micrograph pairs (both
focal pairs and tilted pairs) were chosen for image analysis based on
the recorded defocus, the number and distribution of virus particles,
and the ice thickness. Both mature and empty particles were chosen
for image processing. Selected electron micrograph pairs were digi-
tized using a Perkin Elmer microdensitometer with a step size that cor-
responded to 5.33 Å2pixel–1 in the object, and transferred to a Silicon
Graphics workstation for subsequent image processing.
3D reconstruction procedures
The procedures used for the reconstruction of the 3D structure from
the electron cryomicrographs have been described previously
[8–12,15,34,35]. Particles from both images of the digitized focal pair
were boxed into individual particle images with a pixel area of 256 ×256.
Each particle image then was floated and masked with a suitable radius.
The closer-to-focus particles were used to compute the 3D reconstruc-
tion, while the further-from-focus particles confirmed the orientations of
the corresponding closer-to-focus particles. Orientation determination of
the particles using self-common lines [16], and subsequent orientation
refinement using cross-common lines [34], were carried out as described
previously [35]. The final reconstruction was computed using cylindrical
expansion method [16] to a resolution of 23 Å, which contained informa-
tion within the first zero of the contrast transfer function (given the actual
defocus value of 1.2 mm, determined from the sum of the Fourier trans-
forms of the individual particles). A second reconstruction from an inde-
pendent micrograph was computed to a comparable resolution to
confirm the reproducibility of the structural features. To determine the
effective resolution, Fourier cross correlation coefficients ([36]; equation
(3)) and phase residuals ([36]; equation (6)), were computed as a
function of resolution between two independent reconstructions, and
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between reconstructions obtained by randomly dividing the data from a
single micrograph into two sets. Explorer Graphics software (Numerical
Algorithms Group, Inc.) was used to visualize and manipulate the 3D
reconstruction. Mass densities (assuming a protein density of
1.30 gcm–3) were calculated within a given volume of the 3D density
map using contour values corresponding to the density mean of our 3D
map and to one standard deviation above the mean. 
Hand determination
The image produced by transmission electron microscopy is a 2D projec-
tion of a 3D object. Features arising from the handedness of the virus
particle are superimposed, resulting in loss of hand. To unambiguously
determine the handedness of aquareovirus, we elected to carry out a tilt
series. The specimen was imaged as described above. Instead of record-
ing focal pairs, images were recorded as tilt pairs with 0° and 10° of tilt
applied. The orientations of both untilted and tilted particles were deter-
mined using the common lines method [16]. The azimuthal angle within
the micrograph was calculated to find the position of the tilt axis within
the micrographs. The determination of the azimuthal angle involved
correcting for translational and rotational error between micrographs in
order to calculate the true distance between corresponding untilted and
tilted particles. Briefly, the translational error was corrected by calculating
the center of mass (which corresponded to the center of the coordinate
system) of the tilt pair and reassigning the particle coordinates (x,y) from
both sets about the center of mass. The rotational error was corrected by
determining the rotation that yielded the average minimum distance
between tilted and untilted particles after rotating each tilted particle
between +10° and –10° at 0.05° intervals. The untilted particles were
then aligned to the azimuth by computationally rotating each particle
image within the plane of the micrograph. The rotated particle then could
be tilted correctly about the azimuth by 10°, the tilt that was applied in the
microscope. These steps were carried out using both left-handed and
right-handed density maps. Visual comparison of the projections of
rotated, tilted maps to the corresponding particle images from the tilted
micrograph revealed the correct hand. A quantitative comparison con-
firmed the hand, in which the angular orientations of the left- and right-
handed projections were compared with those of the actual tilted
particles. In a comparison with 35 particles, greater than 25 particles
agreed with left-handed symmetry. The remainder of the particles were
oriented either on or very near to the icosahedral symmetry axes, where
handedness is degenerate.
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